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REMARKS/ARGUMENTS 

Claims 1-7, 9-21, and 23-24 are pending. 

Claims 1-6, 10-15 have been amended. 

Claims 8 and 22 have been cancelled. 

Claims 17-21 and 23-24 have been withdrawn. 

Support for the amendments is found in the claims and specification (e.g., page 15, In. 
10-35), as originally filed. 

No new matter is believed to have been added. 

Claims 1-13 and 16 are rejected unde r 35 U.S.C. 102(b) or 103(a) over Yamamoto et 
al., US 5,385,988. Claims 14-15 are rejected under 35 U.S.C. 103(a) over Yamamoto et al. 
and Owens et al., US 3,793,402. The rejections are traversed because the Yamamoto et al. 
composite alone or in combination with the disclosure of Owens et al. is produced by a 
different method and as a result, yields a composite different from the claimed composition. 

More specifically, Yamamoto et al. and Owens et al. do not describe a polymerizable 
composite prepared by a) mixing and reacting the components A), B), and C), wherein the 
hydrolysis is carried out until a water phase initially present has disappeared during the 
reacting a) and a homogeneous single phase of the hydrolyzed mixture is obtained, and b) 
then adding the components D), E), and F), 

The claimed polymerizable composition is produced by a) mixing and reacting silicon 
compounds with water and at least one acid, thereby hydrolyzing the alkoxy groups, wherein 
the hydrolysis is carried out imtil a water phase initially present has disappeared during the 
reacting a) and a homogeneous single phase of the hydrolyzed mixture is obtained, and b) 
then adding (meth)acrylates, ethylenically unsaturated monomers, and polymers/copolymers 
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to the hydrolyzed homogeneous product (as in claim 1). The claimed composite does not 
include colloidal silica particles. 

Ygimamoto et al. describe producing a composite which is polymerized between two 
steel plates (Examples). In the Yamamoto et al. composite, the silica skeleton of a silica 
polycondensate derived from colloidal silica and a silane compound hydrolyzed and 
polycondensed on the surface of the colloidal silica, and a polymer of a radical-polymerizable 
vinyl compound form a semi-interpenetrating network structure (col. 2, lines 4-16). The 
silica polycondensate is produced by hydrolysis and polycondensation of a silane compound 
(col. 3, lines 3-23). The silica polycondensate (B) is dispersed in the radical-polymerizable 
vinyl compound (col. 3, lines 18-23). Yamamoto et al. disclose that 0.1 to 2,000 wt. parts of 
silane compounds is used per 100 parts of the colloidal silica (claim 1). The colloidal 
polymerization yields coarse polymer particles (see the present specification, page 30, lines 
18-32). 

Thus, the Yamamoto et al. composite is a silica polycondensate comprising silane 
compounds condensed to colloidal particles. 

According to Yamamoto et al., col. 3 lines 30 - 32, a dispersion of silica particles is 
obtained. A dispersion is a two phase system and iiot a homogeneous phase. Also, in 
Example 26, relied upon by the Office, a gel of colloidal silica is formed, as explained in 
detail below. Moreover, Yamamoto et al. do not describe the amount of the (meth)acrylate 
D), as in claim 1 . 

Thus, Yamamoto et al. do not anticipate the claimed composition. 

In addition, Yamamoto et al. do not make the claimed composition obvious for the 
reasons provided below. 

The Office has relied on Example 26 of Yamamoto et al. However, the Office 
completely ignored that in Example 26 Vinvltrimethoxvsilane (VTMS) reacts with water. 
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HCl and colloidal silica . The Office has simply ignored the presence of the colloidal silica. 
Enclosed as El please find a publication of M.W. Daniels et. al. This publication explains in 
detail the reaction conducted in Example 26 of Yamamoto. According to El, page 351, right 
col., 3^^ paragraph, acid and water lead to hydrolysis of the silane compound. When colloidal 
silica is present, El describes that the hydrolysis products, which to a desired degree may 
have underwent a polycondensation, are absorbed on the silica surface (page 352, right col., 
3"^^ paragraph,). El, page 353, right col, last paragraph to page 354, left col, 1^^ paragraph in 
addition confirms that the hydrolysis and polycondensation behaviour of an alkylalkoxysilane 
in an acidic and aqueous solution is strongly influenced by the presence of colloidal silica . 

Further, E2 Wikipedia explaining the chemical nature of colloidal silica has been 
submitted herewith. E2, ''Manufacture", 2""^ paragraph, confirms that colloidal silica particles 
polycondensat at the acidic pH and form a gel. 

In other words, in the reaction of Example 26 of Yamamoto, a gel of colloidal silica 
particles is formed , which is coated on its surface with the hydrolysis product of the VTMS. 
This mechanism is described by Yamamoto in col. 2, lines 4-15. The description of 
Yamamoto, col. 2, lines, 4-15, and the scientific literature (e.g., E1-E3) are in agreement. 

Applicants have submitted as E3 a copy of pages from "Ullmanns Encyclopedia of 
Industrial Chemistry", which shows in Figure 23 that colloidal silica particles consist of SiOd- 
tetrahedrons . 

El: Daniels et al. ''Reaction of a Trifunctional Silane Coapling Agent in the Presence of 
Colloidal Silica Sols Polar Media", J. of Colloid Interface Science, 219, 351 - 356, 1999. 
E2: Wikipedia-CoUoidal Silica. 

E3: Ullmanns Encyclopedia of Industrial Chemistry, Otto Florke; "Colloidal Silica", Page 36 
-51, Published Online, April 15, 2008 (Do/: 10.1002/14356007.a23-583.pub3). 

Therefore, the disclosure of Yamamoto et al., based on the known mechanisms 

described in El, E2, and E3 and Yamamoto et al., is explained the follows: 

- Yamamoto et al. use particles in the polymer mixture. 
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- The particles consist of a core of a gel of colloidal silica particles which exclusively 
consist o f Si04-tetrahedrons. No organic radical is bond to the Si's. 

- The core is coated with the hydrolysis product of VTMS. 

- The Yamamoto et al. particles are used as reinforcing fillers due to the pores of the 
particles. VTMS is only used as coupling agent between the silica particles and the 
polymer . 

In the claimed composition, no colloidal silica is present in the reaction a). To 
illustrate the difference between the claimed composition and that of Yamamoto et al., 
Applicants refer to page 14 of the present specification, the formula (Id), showing one of the 
products of the hydrolysis first reaction a). 

This means that any Si carries at least one R*. If more than one R^ or one or more R^ 
are present in silane used as the raw material, the formula for the hydrolysis product may be 
different. However, the formula (Id) representatively illustrates for various hydrolysis 
products of the claimed first reaction a) that for all hydrolysis products of the claimed first 
reaction a) there is always at least one R^ in the hydrolysis product, while the prior art 
compound comprises a majority of Si04 tetrahedrons. Specifically, Yamamoto et al., the 
reaction product has a core of Si04-tetrahedrons, i.e.. Si's without R\ which is the largest 
part of the Yamamoto et al. composite, as can be calculated from the amount of raw materials 
used in Example 26 of Yamamoto et al. 

The structural differences of the product of the step a) of the claimed invention and of 
that of Yamamoto et al. are absolutely clear. The colloidal silica is an essential part of the 
Yamamoto et al. composite and reaction. Thus, a skilled artisan understanding and knowing 
the reaction of Yamamoto et al. (see also, e.g.. El, E2, and E3) would not have been 
motivated with a reasonable expectation of success to produce the composite of Yamamoto et 
al. without colloidal silica. 
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The Office has alleged that in Example 26 of Yamamoto et al., a silicon compound, 
colloidal silica, water, and acid are mixed "homogeneously" and, therefore, hydrolysis and 
polycondensation of a silane compound is carried out in a "homogeneous" solution. 

In response, it is noted that a water phase that initially present in Example 26 of 
Yameimoto et al. does not disappear during the hydrolysis and polycondensation, and a 
homogeneous single phase of the hydrolyzed mixture is not formed because (a) when the 
polycondesate (B) is mixed with the vinyl compound (A), the solvent and water remaining in 
the mixture are distilled (col. 8, In. 10-18), and (b) the polycondesate (B) is formed in a 
dispersion system of colloidal silica (col. 3, In. 16-34). Thus, (1) a water phase does not 
disappear during hydrolysis and polycondensation, and (2) "dispersion" is a two phase 
system which is not a homogeneous single phase. 

Thus, as the method of Yamamoto et al. is different , the composition of Yamamoto et 
al. is also different . 

Moreover, Yamamoto teaches away from the claimed composition because colloidal 
silica is an essential part of the Yamamoto et al. composite and reaction. 

Concerning claims 5-6 , although Yamamoto et al. generally describe compounds of 
the formula (VI) that appears to encompass the claimed specific compounds (col. 3-4), the 
Yamamoto et al. specific compounds are different (col. 4, lines 40-43). Yamamoto et al. do 
not suggest selecting the claimed specific compounds from an unlimited number of the 
compounds (VI). 

Thus, although Yamamoto et al. describe the components of the composite 
encompassing some of the claimed components, the Yamamoto et al. composite is different 
from the claimed composition. 

Owens et al. do not cure the deficiency of Yamamoto et al. Owens et al. describe an 
impact resistant thermoplastic composition comprising a multi-stage sequentially produced 
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polymer (col. 1). The Owens et al. composition comprises homopolymers of an alkyl 
methacrylate (claim 1; col. 11, lines 35-51). Owens et al. do not describe the claimed 
polymerizable composition because the Owens et al. composition does not comprise the 
claimed components and is produced by a different method. 

Substituting the alkyl methacrylate of Owens et al. into the Yamamoto et al. 
composite still does not produce the claimed polymerizable composition. 

Thus, Yamamoto et al. and/or Owens et al. do not anticipate or make the claimed 
composition obvious. 

Applicants request that the rejections be withdrawn. 

Claims 1-16 are rejected under 35 U.S.C. 1 12. first and second paragraphs . The Office 
is of the opinion that the specification describes that when a homogeneous solution is formed, 
there is no water (compound C) remaining, while in claim 1 , a homogeneous solution of the 
compounds A, B, and C (water) is obtained. The Office has alleged that the specification does 
not describe a homogeneous solution of the compounds A, B, and C. In addition, the Office 
has alleged that it is not clear what a homogeneous solution of the compounds A, B, and C 
means, when the component C (water) is not present. See pages 2-3 of the Official Action 
(OA). 

In response, claim 1 has been amended to recite "wherein the hydrolysis is carried out 
until a water phase initially present has disappeared during the reacting a) and a 
homogeneous single phase of the hydrolyzed mixture is obtained" which is supported on 
page 15 of the present specification. 

Applicants request that the rejections be withdrawn. 

The objection of claim 8 is not applicable to the claims submitted herewith as claim 8 
has been cancelled. Applicants request that the objection of claim 8 be withdrawn. 
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A Notice of Allowance for all pending claims is requested. 
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Registration No. 59,091 
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Colloidal silica 

From Wikipedia, the free encyclopedia 

Colloidal silicas are suspensions of fine amorphous, nonporous, and typically spherical silica 
particles in a liquid phase. 

Contents 

■ 1 Properties 

■ 2 Manufacture 

■ 3 Applications 

■ 4 See also 

Properties 

Usually they are suspended in an aqueous phase that is stabilized electrostatically. Colloidal silicas 
exhibit particle densities in the range of 2.1 to 2,3 g/cw?. 

Most colloidal silicas are prepared as monodisperse suspensions with particle sizes ranging from 
approximately 30 to 100 nm in diameter. Polydisperse suspensions can also be synthesized and have 
roughly the same limits in particle size. Smaller particles are difficult to stabilize while particles 
much greater than 1 50 nanometers are subject to sedimentation. 

Manufacture 

Colloidal silicas are most often prepared in a multi-step process where an alkali-silicate solution is 
partially neutralized, leading to the formation of silica nuclei. The subunits of colloidal silica 
particles are typically in the range of 1 to 5 nm. Whether or not these subunits are joined together 
depends on the conditions of polymerization. Initial acidification of a water-glass (sodium silicate) 
solution yields SiCOH)^. 

If the pH is reduced below 7 or if salt is added, then the units tend to fuse together in chains. These 
products are often called silica gels. If the pH is kept slightly on the alkaline side of neutral, then the 
subunits stay separated, and they gradually grow. These products are often called precipitated silica 
or silica sols. Hydrogen ions fi-om the surface of colloidal silica tend to dissociate in aqueous 
solution, yielding a high negative charge. Substitution of some of the Si atoms by Al is known 
increase the negative colloidal charge, especially when it is evaluated at pH below the neutral point. 
Because of the very small size, the surface area of colloidal silica is very high. 

The colloidal suspension is stabilized by pH adjustment and then concentrated, usually by 
evaporation. The maximum concentration obtainable depends on the on particle size. For example, 
50 nm particles can be concentrated to greater than 50 wt% solids while 10 nm particles can only be 
concentrated to approximately 30 wt% solids before the suspension becomes too unstable. 

Applications 

■ In papermaking colloidal silica is used as a drainage aid. It increases the amount of cationic 
starch that can be retained in the paper. Cationic starch is added as sizing agent to increase the 
dry strength of the paper. 

■ High temperature binders 

■ Investment casting - used in moulds 



■ An abrasive - for polishing silicon wafers 

■ Carbonless paper 

■ Catalysts 

■ Moisture Absorbent 

■ It increases the bulk & taped density of powder & granules also 

■ It is also be used in Lubrication of Tablet 

■ Stabilizing and rigidizing refractory ceramic fiber (fiberfrax) blankets 

■ Abrasion-resistant coatings 

■ Increasing friction - used to coat waxed floors, textile fibers and railway tracks to promote 
traction 

■ Antisoiling - fills micropores to prevent take up of dirt and other particles into textiles 

■ Surfactant - used for flocculating, coagulating, dispersing, stabilising etc. 

■ Liquid silicon dioxide (colloidal silica) is used as a wine and juice fining agent. 

■ Absorbent 

■ Colloidal silica is used in concrete densifiers and polished concrete. 

■ In manufacturing Quantum dots, small semi-conductors used in various scientific research 
settings. 

See also 

■ Silica dioxide 

Retrieved from "http://en.wikipedia.org/wiki/Colloidal_silica" 

Categories: Oxosilicons | Silicon dioxide 

■ This page was last modified on 3 November 2010 at 03:59, 

■ Text is available under the Creative Commons Attribution-ShareAlike License; additional 

terms may apply. See Terms of Use for details. 

Wikipedia® is a registered trademark of the Wikimedia Foundation, Inc., a non-profit 
organization. 
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36 Silica 



4. Colloidal Silica 
4.1. Introduction 

Silica sols arc stable disperse systems in which 
the dispersion medium (or continuous phase) is 
a liquid and the disperse or discontinuous phase 
is silicon dioxide in the colloidal stale of sub- 
division. This state comprises particles with a 
svAC sulTiciently small (< 1 |nm) not to appear 
affected by gravitational forces but sufficiently 
large (> 1 nm) lo show marked deviations from 
the properties of typical solutions (see Col- 
loids, Chap. 4). 



The limits given for the colloidal size range 
are not rigid since they depend to some extent 
on the properties under consideration [232 J. 

Silica sols arc commonly known as colloidal 
silica. Although the ultimate particles that con- 
stitute silica gels, xerogels, cryogels, aerosols, 
and pyrogenic (I'umed), precipitated, and coac- 
ervated silica have lost their mobility by aggre- 
gation. They are also in the colloidal range of 
particle si/.e and are therefore known as colloidal 
silicas. However, in this chapter the terms silica 
sol and colloidal silica are used as synonyms. 
Figure 2 1 illustrates the relationship between sil- 
ica sols, gels, and powders |233|. 

In commercial silica sols the disperse silica is 
amorphous and the dispersion medium in most 
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Figure 21. l^ormaiion of silica sols, gels, and powders by silica monomer condensauon-polynieri/.ation followed by aggrega- 
tion or agglutination and drying 1233] 

Growth of nascent colloidal particles with decrease in numbers occurs in basic solutions in Itic absence of salts. In acid 
solutions or in the presence ol llocculaimg sols the colloidal silica particles lornn gels by aggregation into three-dimensional 
networks. Aerogels are made by drying wet gels under supercritical conditions, that is. above the critical temperature Tc and 
critical pressure ot the liquid Cryogels are made by drying wet gels below the melting temperature l\\ of the liquid. Fumed 
or pyrogenic silicas are formed a! high temperature by Mame oxidation-hydrolysis of silicon halides 




Figure 22. Tcirahcdral coniiguralion of crystalline (A) and amorphous (B)silicu; (C) represents a silicon alom (filled 
circle) ccH^rdinaled by four oxygen aionis (large aldni spheres) |241 J 



cases is water (aquasols or hydrosols). Disper- 
sions in organic solvents arc also commercially 
available (organosols). Silica sols are lluid and 
stable toward gelation and scaling. Most com- 
mercial sols are close to monodispcrse and con- 
sist of dense discrete spheres with a diameter 
range between ca. 4 or 5 nm and 100 nm. Also 
commercially available in the form of sols or 
powders are grades with particles between 0.1 
and ca. 1.5 [im. Particle size, particle-size dis- 
tribution, and concentration of solids determine 
the appearance of sols. Silica sols look milky if 
the particle size is large and the concentration 
is high, opalescent if the size is intermediate, or 
clear and almost colorless if the particles are of 
the smallest size range. 

Although there are earlier references to what 
are now known as silica sols, it was Graham 
1234] who coined the term colloidal in 1862 to 
refer to products such as the one he obtained 
by reacting acid with silicate and removing the 
electrolytes by dialysis. Stable and relatively 
ciMicentratcd silica sols were not available until 
the 1930s when I. G. Farbenindustric first made 
ammonia-stabilized silica sols [235]. 
However, the real breakthrough in colloidal sil- 
ica technology came in 1941 when Bird [236] 
patented a process lor removing the alkali from 
a dilute solution of sodium silicate by ion ex- 
change. The next landmark in the development 
of concentrated silica sols was the first process 
for making colloidal silica particles of uniform 
and controlled size reported in 1951 by Bech- 
roLD and Snyder [237]. 



By 1990 colloidal silica constituted a grow- 
ing market valued at an estimated $ 50x 10^' in 
North America [2381 and € 15x10^' in Europe 
[239]. Applications of silica sols are based on 
characteristics such as particle size, high specific 
surface area that gives them good binding abil- 
ity, stability towards gelation and settling, and 
surface properties. These characteristics enable 
colloidal silica to be used in a wide variety of ap- 
plications. Major uses are in investment casting, 
silicon-wafer polishing, and fibrous ceramics. 



4.2. Structure of Colloidal Silica 
Particles 

The building block of silica is the Si()4 tetra- 
hedron, four oxygen atoms at the corners of a 
regular tetrahedron with a silicon ion at the cen- 
tral cavity or centroid [240] (see Chap. I). The 
oxygen ion is so much larger than the Si*^^ ion 
that the four oxygens of a Si()4 unit are in mu- 
tual contact and the silicon ion is said to oc- 
cupy a telrahedral hole 1240]. In amorphous sil- 
ica the bulk structure is determined, as opposed 
to the crystalline silicas, by a random packing of 
[Si04]'^ units, which results in a nonperiodic 
structure (see Fig. 22). As a result of this struc- 
tural difference amorphous silica has a lower 
density than the crystalline silicas: 2.2 g/cm'^ 
versus 3.01, 2.65, 2.26, and 2,21 g/cm^ for co> 
csitc, a-quartz, /^-tridymite and /:/- cristobalite, 
respectively. 
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Figure 23 represents a two-dimensional ran- 
dom network of a dehydrated but fully hydrox- 
ylated amorphous silica particle. 




Figure 23. Two-dimensional random network of a dehy- 
drated but hydroxylaled colloidal silica particle 
hour rules apply 12421: each oxygen ion is linked to no 
more than two silicon ions. The coordination number of 
oxygen ions about the central Si cation is 4 (the fourth oxy- 
gen not represented in the figure is directly above or below 
the Si cation). Oxygen icirahcdra share comers, not edges 
or faces. At least two corners of each tetrahedron are shared. 
Since the particle is fully hydroxylatcd each surface Si ion 
is bonded lu one or two hydroxyl ions: the silanol number is 
4 6 OH/niir . Depending on the n»ethod of formation some 
internal Si ions may be linked to hydroxyl ions. Surface of 
occluded alkali-metal ion impurities may replace surface or 
internal protons. Aluminum ion impurities or added mod- 
ifiers may replace internal or surface tetrehedral Si. The 
particle surface may be esterihed, silanized (silylated), or 
ion exchanged. The concentration of OH groups on the sur- 
face decreases monotonically with increasing temperature 
when silica is calcined 

Impurities such as Na, K, or Al, picked up 
during synthesis of silica aquasols in alkaline 
media, may be occluded inside the colloidal 
panicles, replacing internal silanol protons (Na, 
K) or forming isomorphic letrahedra (Al) with 
an additional negative charge on the surt'ace or 
inside the particles (see Fig. 24). vSoIs obtained 
by hydrolysis of alkoxysilanes or by dispersion 
of pyrogenic silica in water or an organic solvent 
are pure and substantially free of alkali metals 
or aluminum. 




Figure 24. Internal struclure of an amorphous silica 
particle showing an internal silanol group and occluded Na 
and Al ions 

Many of the adsorption, adhesion, chemical, 
and catalytic properties of colloidal silica de- 
pend on the chemistry and geometry of its sur- 
face. In 1934 HoFMAN 1243] postulated the ex- 
istence of silanol (Si-()H) groups on the silica 
surface. It is now generally accepted that surface 
silicon atoms tend to have a complete tetrahedral 
configuration and in an aqueous medium their 
free valence becomes saturated with hydroxyl 
groups forming silanol groups. Under appropri- 
ate conditions, silanol groups in turn may con- 
dense to form siloxane bridges: =Si-()-SirE. 

In the meantime most of the following postu- 
lated groups have been identified on the surface 
or in the internal structure of amorphous silica 
(see Fig. 25). 

1 ) Single silanol groups, also called isolated or 
free silant)l groups 

2) Silanediol groups, also called geminal 
silanols 

3) Silanetriols, postulated but existence not yet 
generally accepted |244| 

4) Hydrogen-bonded vicinal silanols (single or 
geminal), including terminal groups 

5) Internal silanol groups involving OH groups, 
sometimes classified as structurally bound 
water (see Fig. 25 B) 

6) Strained and stable siloxane bridges 

7) Physically adsorbed H;(), hydrogen-bonded 
to all types of surface silanol groups (see 
Fig. 25 B) 

Silanol groups are formed on the silica sur- 
face in the course ol its synthesis during the con- 
densation polymerization of Si(()H)4 or by rehy- 
droxylation of thermally dehydroxylated silica 
with water or aqueous solutions. 
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Figure 25. A) Possible types ol silanol groups and siloxane bridges occurring on the surlace of colloidal silica particles 
Characteristic bands in the infrared spectrum and Q" site designation is included {n is the numberof bridging oxygens bonded 
to the central silicon atom); B) Surlace bound water and internal silanols 
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The silanol groups on the silica surface may 
be classified according to their nature, multiplic- 
ity of sites, and type of association [245]. 

An isolated silanol has an OH group suf- 
ficiently remote from neighboring hydroxyl 
groups that hydrogen bonding cannot occur (> 
0.33 nm). A silicon site of this kind is designated 
as in NMR Q" terminology, where n is the 
number of bridging oxygens bonded to the cen- 
tral silicon. The isolated silanol shows a sharp 
band at around 3750 cm in the IR spectrum 
[246, 247]. 

Geminal silanols are silanediol groups lo- 
cated on silicon sites. Their existence was 
postulated by Prri [246-248] but only con- 
firmed experimentally with the advent of solid- 
state '^•^Si cross-polarization magic angle spin- 
ning nuclear magnetic resonance (CP MAvS 
NMR) [249]. 

Vicinal or hydrogen-bonded or associated 
silanols are SiOH groups located on neighboring 
Si atoms such that the OH - - - O distance is suffi- 
ciently short for hydrogen bonding to occur. Hy- 
drogen bonding causes a reduction in the O H 



stretching frequency, the magnitude of which de- 
pends on the strength of the hydrogen bond and 
thus on the () H () distance [250 j. The charac- 
teristic IR band of vicinal groups occurs at about 
3660 cm ^ [2511. 

Geminal Q" silanol sites bonded to a neigh- 
boring silicon through a single siloxane 
bridge also result in a hydrogen-bonded pair. The 
remaining OH group experiences very weak hy- 
drogen bonding. 

Silanol groups arc also found within the struc- 
ture of the colloidal particles. These groups are 
designated as internal silanols and in some cases 
are erronet)usly referred to as structurally bound 
water. The concentration of internal silanol 
groups depends on the synthesis temperature and 
other variables. 

Surface and internal silanol groups may con- 
dense to form siloxane bridges. Strained silox- 
ane bridges are formed on the hydroxy lated 
silica surface by thermally induced condensa- 
tion of hydroxyl groups up to about 500 °C. At 
higher temperature, the strained siloxane bridges 
are converted into stable siloxane bridges [250). 
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Strained siloxane groups undergo complete 

rehydroxylation on exposure to water in a mat- 
ter of hours or a few days, depending on type of 
silica powder and conditions of exposure |25 1 1. 
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Stable siloxanc groups arc rehydroxylalcd at a 
slower rate. For example, a wide-pore sample of 
340 nr/g calcined in air at 900 °C required live 
years of contact with water at room temperature 
for complete rehydroxylation [252]. 

Surface silanol groups are the main centers of 
adsorption of water molecules |252|. Water can 
associate by hydrogen bonding with all types of 
surface silanols. and in some cases with internal 
silanol groups. 

Surface silanol groups of silica aquasols sta- 
bilized in an alkaline medium exchange protons 
for ions such as Na+, or NH^ (Fig. 26). The 
surface silanol groups can be eslerilied, as in the 
case of silica organosols, or silanized (silylated) 
(Fig. 27). Derivatizalion, that is modification of 
the silica surface, is the basis for the use of silica 
in analytical and process chromatography. 



HX S1-CH3 




Figure 27. Silylaieti and eslerilied silica surface 

The surlacc charge of pure silica aquasols is 
negative at a pH higher than ca. 3. The isoelec- 
tric point (inP) is ca. 2. The IHP can be shifted 
by partial substitution of surface silicon groups 
by letrahedral aluminum (see F^ig. 26). In this 



way the pH range of stability of aquasols may 
be varied. The surface charge can be reversed by 
adsorption of octahedral aluminum ions such as 
those present in basic aluminum chloride |253] 
(Fig. 26). Aquasols obtained in this manner are 
commercially available in various particle sizes 
and concentrations as positive sols. 

The concentration of silanol groups on the sil- 
ica surface aoH expressed as the number of OH 
groups per square nanometer is the silanol num- 
ber [252]. For a dehydrated but fully hydroxy 1- 
ated amorphous colloidal sihca powder (\oh is 
4.61252]. 

The threshold temperature corresponding to 
the completion of dehydration, that is remcwal 
of physisorbed water from the silica surface, and 
the beginning of dehydroxylation by condensa- 
tion of surface OH groups, is eslimaled to be 1 90 
± 10°C[2521. 

The concentration of OH groups on the sur- 
face decreases monotonically with increasing 
temperature when silicas are heated under vac- 
uum (F^g. 28). Most of the physisorbed water is 
removed at about 150 'C. At 200 all the wa- 
ter from the surlacc is gone so that the surface 
consists of single, geminal, vicinal, and terminal 
silanol groups and sikuanc bridges. At ca. 450- 
500 °C all the vicinal groups condense yielding 
water vapor and only single, geminal, and termi- 
nal silanol groups and strained siloxanc bridges 
remain. The estmiated ratio of single to geminal 
silanol groups on the surface is 85/15 1252] and 
is believed not to change with temperature, at 
least up to ca. 800 °C. Internal silanols begin to 
condense at ca. 600-8(X) and in some cases 
al lower temperatures. Complete evol ution of in- 
ternal silanols occurs at higher temperatures. It 
appears that at temperatures from ca. 800 °C to 
ca. 1000-1 100 °C, only isolated (single) silanol 
groups remain on the silica surface. 

At a sufficient surface concentration, the 
OH groups make the silica surface hydrophilic, 
whereas a predominance of siloxanc groups on 
the silica surface makes the surface hydropho- 
bic. 



4.3. Physical and Chemical Properties 

Most commercial silica sols consist of dense, 
discrete, spheroidal particles typically 4-60 nm 
in diameter and amorphous to X-ray or elec- 
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Figure 28. Hffect of lemperaiure on silanol groups on the surface of colloidal silica 



iron diffraciion. Because they are amorphous 
ihe silica particles are only slightly soluble in 
water (1()()- 150 ppm at 25 and pH 2-8) and 
insoluble in alcohol or in inorganic acids ex- 
cept HF. They are soluble in organic bases such 
as tclramcthyl ammonium hydroxide, forming 
water-soluble quaternary ammonium silicates, 
and, as opposed lo crystalline silicas, are very 
soluble in hot sodium hydroxide solulit)n. Spe- 
cific surface areas vary with particle si/e, and for 
the common grades of silica sols are between 50 



and 750 m"/g. Less typical grades have particle 
diameters between 60 nm and 1.5 |Lim with spe- 
cific surface areas much lower than 50 m^/g, de- 
pending on their particle diameter. The specific 
surface area/\ in rn^/g of a system made of solid 
monodisperse amorphous silica spheres with a 
smooth surface and bulk density 2.2 g/cm"* is: 

A ()()0()/2.2I) 

where D is the diameter of the spheres in 
nanometers. 
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Table 12 lists typical properties of repre- 
sentative commercial silica aquasols. The table 
also shows the dependence of relative density 
and viscosity on the silica content. Viscosity also 
depends on particle si/e and degree of cross- 
linking of the particles. In silica aquasols 
it is generally < 10 mPa • s. 

Silica sols obtained by dispersion of pyro- 
genic silica powders generally dilTer iVom those 
synthesized in solution. The dispersion ofpyro- 
gcnic silica to a sol of separate, discrete ultimate 
units is diflicult, even using intense mechanical 
shearing forces, due to the extensive coalescence 
of the particles. Thus, the disperse product con- 
sists mainly of sht)rl chain-like aggregates made 
up of small silica particles (see Section 4.5). Typ- 
ical properties of commercial sols made in this 
way arc listed in Table 13. 

Table 14 lists particle si/e, silica concentra- 
tion, and viscosity of commercially available 
organosols. 

Silica sols arc said to be stable because they 
do not settle or aggregate for long periods of 
lime. Aggregation and rate of settling, as well 
as color, appearance, viscosity, density, growth, 
and solubility in water are functions of parti- 
cle si/e. At optimum pH, electrolyte and Si02 
concentration, aquasols of particle si/e 4 to ca. 
40 nm are extremely stable to settling, whereas 
aquasols of particle si/e larger than ca. 60 nm 
tend to show some settling in a period of months. 
Particles larger than 100 nni settle on standing, 
leaving a clear upper layer after a few weeks 
or days. When the concentration of the silica 
aquasol is > 10-15 wi^r the particle si/e can 
be judged visually by the turbidity. If the par- 



ticles are smaller than ca. 7 nm in diameter the 
sol is almost as clear as water; from 10-30 nm 
there is a characteristic opalescence or translu- 
ccncy when seen in bulk; above 40 or 50 nm the 
appearance is white and milky [235]. 

Commercial silica aquasols are stabili/ed 
near the optimum pH and are concentrated to the 
maximum concentration permitted by the parti- 
cle si/e (257): ca. 15 wt% for 4-5 nm, ca. 30 
wt 7( for 8-9 nm, ca. 40 wt 7( for 14 nm, ca. 50 
wl7r for 22 nm (Fig. 29). 



100 r 




Figure 29. Maximum conceniraiion versus particle size in 
stable aqueous silica sols ai abt>ut pH 9.5 
a) Concentration in wt 7( \b) Concentration in grams SiO'i 
per 100 mL; c) Volume fraction of Si02 ( x KM)) [257] 



When silica sols are gelled, dried, or fro/en 

the original degree of dispersion cannot be re- 
stored without dissolution of the inlerparticle 
bonds that develop. Special dried grades are 
made of particles with the surface esterified with 



'ral)It i^. ]ypK ;il propLTtics ol silica aquasols made ot slum chain-like aggregates of colloidal particles [2551 
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Table 14. Properties of commercially available silica organosols ' [256j 
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primary or secondary C2-Ci^ aikoxy grt>ups. 
rhcsc arc urganophilic and hydrophobic and can 
be dispersed in organic solvents or in organic 
products such as elastomers or plastics. Silica 
sols surface-modified with organic base cations 
such as (CH.5)4N''' can be evaporated to a dry 
powder that disperses spontaneously in water 
[258]. 



4.4. Stability 

Three types of stability may be distinguished in 
colloidal systems [259): 

1 ) Phase stability, analogous to the phase stabil- 
ity of ordinary solutions. 

2) Stability to change in dispersity [259], that 
is particle size or parlicle-si/,e distribution, 
l-br example, commercial concentrated silica 
sols, normally said to be 3 or 4 nm in particle 
si/e usually grow within hours or a few days 
to 5 nm or n)orc on standing at room lemper- 
ature. Concentrated sols normally labeled 7 
nm, if not substantially homodisperse, may 
grow within months to 8-9 nm. This ripen- 
ing effect also occurs for larger particle si/.es, 
although at a much slower rale. A concen- 
trated silica sol of 14 nm particle size was 
found to grow to 17 nm in twenty years at 
room temperature [260). 

3) Aggregative stability [259], the central issue 
in colloidal silicas, and for that matter in col- 
loidal systems in general. In this case col- 



loidally stable means that the colloidal par- 
ticles do not aggregate at a signilicanl rale 
|232). The term aggregate is used to describe 
the structure formed by the cohesion of col- 
loidal panicles (232). 

Two mechanisms of sol stabilization are gen- 
erally believed to exist: electrostatic stabiliza- 
tion and steric stabilization (see Colloids, 
Chap. 5). Electrostatic stabilization is based on 
an interplay of eleclroslalic repulsion between 
electrically charged colloidal particles and van 
der Waals forces of attraction between pani- 
cles. The DLVO theory (Derjaguin, Landau, 
Verwey, and Overbeek) constitutes an attempt 
to describe quaniitaiively this interplay (see 
-> Colloids, Chap. 5, Section DLVO Theory, 
Colloids, Chap. 5, Section Non-DLVO forces). 
Steric stabilization is generally caused by long- 
chain molecules or macrt)molecules adhering on 
the colloidal particle surface {e.g., by grafting or 
by physical adsorption), ihus preventing the par- 
ticles from aggregating [261 ]. 

Colloidal silica panicles aggregate by link- 
ing together and forming three-dimensional net- 
works as is the case in gelation, coagulation or 
llocculalion, (^r by coacervation [262]. In coac- 
ervalion the silica particles are surrounded by an 
adsorbed layer of material which makes the par- 
ticles less hydrophilic but does not form bridges 
between particles [263]. 

When a sol is gelled it first becomes viscous 
and then develops rigidity, lilling the volume 
originally occupied by the sol. On the other hand 
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when a sol is coagulated or llocculated, a precip- 
itate is formed that settles out. A simple way lo 
dilTcrenliale between a precipilale and a gel is 
that a precipitate encloses only part ot the liquid 
in which it is formed 1262]. 

Stability of silica aquasols against irre- 
versible gelation decreases with increasing sil- 
ica concentration, increasing electrolyte concen- 
tration of the aqueous medium, decreasing par- 
ticle size, and increasing temperature. Water- 
miscible organic liquids have a similar desta- 
bilizing effect on silica aquasols as added elec- 
trolyte. The variation of stability as a function 
of pH and salt concentration is shown in Fig. 30 
1264). 

According to Ili:r [265| the basic step in gel 
formation is the collision of two silica particles 
with sufficiently low charge on the surface that 
they come inl(^ contact so that siloxane bonds 
are formed, holding the particles irreversibly to- 
gether. Formation of this linkage requires the 
catalytic action of hydroxy 1 ions (or, as inter- 
preted by some, the dehydration of the surface 
of particles at higher pH). This is evidenced by 
the fact that the rate of gel lormation in the pH 
range 3-5 increases with pH and is proportional 
to the hydroxyl concentration. 

Above pH 6, scarcity of hydroxyl ions is no 
longer the limiting factor on the rale of gelling. 
Instead, the rate of aggregation decreases be- 
cause of fewer collisions between particles ow- 
ing to the increasing charge on the particles and 
thus decreases with higher pH. Lines in Figure 
30 schematically represent the increase in the 
catalytic effects of hydroxyl ions with increasing 
pH, and the decrease in the number of elTective 
collisions between particles with increasing pH 
and particle charge. The ne( result of these two 
effects is a maximum in rate of gellmg at around 
pH 5. In the pU range 8-10, sols are generally 
stable in the absence of salts. 

There is also a region of temporary stabil- 
ity at about pH 1 .5. Below pH 1 .5, traces of HF 
catalyze aggregation and gelling |2661. In essen- 
tially all silicas, traces of lluoride ions, even less 
than 1 ppm. are present so that the concentration 
of HF increases with increasing acidity. The flu- 
oride ef fect is inlluenced by the aluminum impu- 
rities present, since these inactivate some of the 
fluoride by forming complex ions such as AlF;] 
and other species [2671. However, the gelling 



rale increases as the pH falls below 3 even when 
fluorine is absent. 

Once the siloxane bonds have formed bet- 
ween particles, further deposition of silica oc- 
curs at the point of coniacl owing to the negative 
radius of curvature. This occurs rapidly above 
pH 5, and is slow at pH 1 .5. 

vSince the curves shown in Fig. 30 are con- 
structed on the basis of irrefutable experimen- 
tal evidence it is quite obvious that silica sols 
do not conform to the DLVC) theory as origi- 
nally formulated. For example, the DLVC) the- 
ory predicts minimum stability at the point of 
zero charge (pH 2-3), whereas the experimental 
curve shows metastability. Also, the plot shows 
minimum stability in the pH range 4-7, whereas 
the DLVO theory predicts a continuous increase 
in stability in this pH range. Research is being 
conducted to study the possibility of modifying 
or amending the DLVO theory or developing a 
new theory of stability applicable to silica sols. 

In addition to common electrolytes such as 
NaCl, NH4CI and KF silica aquasols are desta- 
bilized and gelled by positively charged sols. 
When frozen al ca. 0 '"C or lower, silica sols 
gel irreversibly. Long-chain nitrogen bases are 
elTective flocculating agents for silica aquasols 
that form planar rather than spheroidal aggre- 
gates. Flocculation may also result from the 
addition of water-miscible organic solvents to 
alkali-stabilized silica sols. 

Commercial silica aquasols are stabilized at 
pH 8.5-10.5 by alkalies, usually sodium hydrox- 
ide. Ammonia or potassium hydroxide is used 
when the presence of sodium ions is undesir- 
able. 

Surface-modified silica aquasols made by 
coating the silica particles with tetrahedral alu- 
minum (e.g., sodium aluminate) are much more 
stable towards gelling in the pH range 4-6 where 
unmodified sols gel most rapidly. Silica sols 
modified in this manner are also less sensitive 
to salts [268]. 

Coating the negative silica surface with ox- 
ides of polyvalent metals such as Al, Cr, Ga, Ti, 
and Zr reverses the charge of the surface to pro- 
duce positive aquasols stable at acid pH values 
[269], An important characteristic of these sols is 
that they can be dried and repeptized. Only poly- 
meric hydrolyzed species such as Al2(OH)5Cl 
and not the single Al"^"^ ion can cause charge 
reversal of silica sols [270, 271 ]. 
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4.5. Production 

I'hc classic silica aquasuls of panicle si/c 5-100 
nm arc prepared by nucleation, polymeri/alion, 
and growth in aqueous systems. Vhc parlicle- 
si/e range can be extended (o at least 300 nm by 
auioclaving. Silica i)rgant)Sols can be obtained 
by transferring aquasols to an organic solvent or 
by hydrolysis of a silane precursor in a mixture 
of alcohol/ammonia and sufficient water [272] 
followed by transfer to the solvent. 

The most important processes to make silica 
sols are based on neutralization of soluble sili- 
cates with acids, ion exchange, hydrolysis of sil- 
icon compounds, dispersion of pyrogenic silica, 
elcctrodialysis, dissolution of elemental silicon, 
and peptization of gels [273). 

Most commercial silica sols arc prepared by 
ion exchange of dilute soluti(^ns of sodium sili- 
cate. Several methods have been proposed since 
the pioneering work of Bird 1236], Bhc htold 
and Snyder |237|, ALnxANonR [274], Atkins 
1275), Woi.T[iR and 1li-:r [2761, Mindk'k and 
Rkvhn [277], and DiRNBiiRCiiiR [278]. Sodium 
silicate can be deioni/ed in a batch operation 
by adding simultaneously a dilute solution of 
sodium silicate and a calionic ion-exchange 
resin in the hydrogen form to a vigorously stirred 
weakly alkaline aqueous reaction medium in the 
pH range around 9, at 60-1 00 C \ 276] (Fig. 3 1 ). 



Under these conditions the system is stabilized 
against aggregation and the original silica nu- 
clei grow while the sol concentration increases 
to about 10-15 % silica. Rate of addition, pH, 
and temperature determine the particle size and 
quality of the sol. 

After separation of the resin for regenera- 
tion, more sodium silicate is added to adjust the 
SiC)2/Na20 ratio as needed for further stabiliza- 
tion of the sol. The product is lillered and con- 
centrated to the desired level. Sols of small par- 
ticle size, such as 7 nm, may be used as '*heels" 
to build up the particle size, for example* to 14 
or 22 nm. 

An alternative method of deionizing sodium 
silicate is to pass a relatively dilute solution 
through a bed of lon-exchange resin to produce 
a sol which is then stabilized with alkali and 
concentrated. The particles grow during evapo- 
ration. The addition of further deionized sol to 
the evaporating liquid allows silica to build up on 
previously nucleated particles resulting in larger 
particle size. 

Silica sols can also be made by dispersion of 
pyrogenic silica in water or in an organic sol- 
vent. Commercial pyrogenic silica, also known 
as fumed silica or aerosil, is made from sil- 
icon tetrachloride at high temperatures by a 
flame hydrolysis-oxidation process (see Chap. 
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Figure 31. Ion-exchange process i'oi silica aquasols 



6) [279]. The produci is a highly aggregated sil- 
ica powder. Pyrogcnic sihcas can be partially 
disagrcgatcd and dispersed lo obtain aquasols 
or organosols of relatively high silica eoncenlra- 
lion. The silica units in this case consist mainly 
of short chain-like aggregates connposed of sil- 
ica particles ca. 7-25 nm in diameter. 

Monodisperse silica sols of exceptionally 
large particle si/e can be prepared by hydrolysis 
of tetraethoxysilane (THOS) in a basic solution 
of water and alcohol [272], It is claimed that 
the largest mean particle si/.e that can be pro- 
duced with TEQS is about 0.8 ^im [2801. How- 
ever, particles up to ca. 2 |Lim can be made by 
using tetrapentoxysilane [279], performing the 
reaction at low temperature [28 1 ], or growing the 
particles by adding more alkoxide after the parti- 
cles have formed [281 ]. Wolf |282] has adapted 
the TEOS method to produce commercial quan- 
tities of silica sols. 

Viable processes for making commercial sil- 
ica sols are based on the eleclrodialysis of 
sodium silicate solutions to continuously re- 
move sodium ions until a sol is obtained. In the 
iLiiR 1 283] and the Bergna [284] processes there 
are three compartments separated by two paral- 
lel, closely spaced cation-exchange membranes 
between which the process or "heel" solutions 
of silica sol in dilute Na-^SO^ as a conducting 
electrolyte are rapidly circulated at a specified 
temperature. Sulfuric acid is circulated in the 
anode compartment and an alkali in the cathode 
compartment where sodium hydrcuide is gen- 
erated. Dilute sodium silicate is fed to the third 
compartment lo form SiO; by electrolysis. The 



silica or polysilicie acid that forms is deposited 
on the silica particles of the ''heel" solution, and 
circulation of the solution is continued until the 
desired particle si/e is achieved. Sols of 25 % 
silica, 15 nm particle si/e can be prepared di- 
rectly. Concentrated sols of ca.8 nm particle si/e 
with very narrow particlcsi/c distribution can be 
obtained by seeding in a first step at a lower tem- 
perature and raising the temperature in a second 
step lo accelerate silica deposition [284). 

Among the advantages of the eleclrodialy- 
sis process arc that alkali, oxygen, and hydro- 
gen can be recovered, and that there is much 
less salt-containing wastewater to be disposed 
of. The disadvantages of the process are higher 
electrical and maintenance costs. 



4,6. Analysis and Characterization 

Characteri/ation of silica sols is aimed at iden- 
tifying: 

1 ) Physical and chemical properties of the sol 

2) Compatibility and stability properties of the 
sol 

3) Purity of the sol 

4) Use- related characteristics 

Selection of silica sols for commercial uses 
is commonly based on the nature of the liquid 
phase (water or organic solvent), particle size, 
particle-si/e distribution, degree of aggregation, 
pH, silica and counterion (stabilizing agent) con- 
centration, viscosity, relative density, and spe- 
cific surface area. 
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However, to fully understand and predict the 
behavior of silica sols and derived powders, it 
IS necessary to dclerniine other characlerislics 
such as particle and particle surface structure; 
chemical composition including total carbon, or- 
ganic carbon, soluble salts of alkali metals, total 
solids, nonsiliceous ash, and trace metals {espe- 
cially AI and Fe); and physical properties such 
as turbidity, percent wS (the percent by weight of 
silica in the dispersed phase of a silica sol [285 1), 
refractive index, light scattering, sedimentation 
rate by ultracentrifugation, porosity, rate of dis- 
solution of the particles, and coalescence factor 
of derived powders (the coalescence factor is the 
percent silica that must be dissolved to restore 
the light transmission under standard conditions 
of a silica powder redispersed in water 12861). In 
addition, most manufacturers of colloidal silicas 
use special tests for specific uses. 

A new concept in the characterization of col- 
loidal silica is the application of the fractal ap- 
proach to sols and gels. The concept of fractal 
geometry, developed by MANohLBRor [287] in 
the early eighties, provides a way of quantita- 
tively describing the average structure of certain 
random objects, For the application of the fractal 
concept to colloidal silica, see [241. 250]. 

Most of the methods utilized to characterize 
silica sols for commercial uses and for research 
purposes are listed below: 

Chemical analysis 
% total solids 

% and nature of liquid phase 

% Si().2 
% NH4 

Si02/Na20 weight ratio 
Sulfates as % Na2S04 
Chlorides as 7r NaCl 
Carbon including CO2 
Organic carbon 
Metals including Al and Fe 
Nonsiliceous ash 

Physical characteristics 
pH 

Relative density 
Viscosity 
Turbidity 
Refractive index 
Light scatlermg 
Specilic conductivity 

Part i c 1 e c h arac tc r i s l i c s 



Size and size distribution 
Specific surface area (Shars titration of the 
sol [2601 and BET measurement of the de- 
rived dried powder) 
Porosity 

Degree of aggregation 

% S (silica in the dispersed phase) 

Turbidity 

Viscosity 

Surface charge 

Elcctrokinctic potential (isoelectric point) 
Silanol number 

Stability tests 
Gelation tests 
Flocculation tests 

The following methods are used to measure 
the particle size and particle-size distribution of 
silica sols 1288-2911: 

Chemical methods 
Gas adsorption (e.g., BHT) [288] 
Titrations (e.g.. Sears titration) [2891 
Rate of dissolution of particles 1290] 

Instrumental methods 1 29 1,2921 
Transmission electron microscopy (THM) 
Dynamic light vScattering: photon correla- 
tion spectroscopy (PCS): Malvern Correla- 
tor. Coulter N4 Analyzer 
Sedimentation field llow fractionation (SF3) 
Size-exclusion chromatography (SEC) 
Hydrodynamic chromatography 
Capillary zone electrophoresis (CZE) 

Methods for characterizing the surface of col- 
loidal silica particles are 1250, 2921: 

Spectroscopy 

FTIR (Fourier transform infrared spec- 
troscopy) 

DRIFT (diffuse reflectance) 

Probe molecule adsorption by DRIFF 

'^'^Si CP MAS NMR spectroscopy (-^Si 
cross-polarization magic angle spinning nu- 
clear magnetic resonance spectroscopy) 

MAS NMR spectroscopy 

CRAMPS (combined rotation and multi- 
ple pulse spectroscopy) 
SIMS (secondary ion mass spectrometry) 
SNMS (sputtered neutrals mass spectrome- 
try) 
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HXAFS (extended X-ray absorption tine 

structure spectroscopy) 

XPS (X-ray photo emission spectroscopy) 

(HSCA) 

Thermal and calorimelric methods 
Microcalorimetry 
TGA (ihermogruvimetric analysis) 
DTA (differential thermogravimetric analy- 
sis) 

DSC (differential scanning calorimctry) 

Thermoporometry 

Heterogeneous isolopic exchange 

Use of deuterated and tritiated substances 

combined with mass spectrometry, IR, and 

^HNMR 

Adsorption and welting 

Adsorption ot gases and vapors combined 

with IR. microcalorimetry 

Fractality (fractal dimension) 

TPD (temperature programmed desorplion) 

of adsorbed substances (NH.i, pyridine, etc.) 

coupled with spectrometry and IR 

Adsorption of bases (/?-butylamine) using 

Mammetl or arylinethanol indicators 

Wetting with hquids 

Micrt)Scopy 

THM (transmission electron microscopy) 
SEM (scanning electron microscopy) 
FESEM (field emission scanning electron 

microscopy) 

Scattering 

SAXS, SANS (small angle X-ray and neu- 
tron scattering) 

Chemical methods 

Use of chemically reactive substances: chlo- 
rine, metal halides, Grignard compounds, re- 
active chloro- and alkoxysilanes 



4.7. Uses 

This section gives a brief description of the ma- 
jor industrial uses of silica sols. The many minor 
uses arc too numerous to be discussed here. 

Ct)lloidal silica is widely used as a binder 
in the m(.)dern version ol the ancient lost wax 
process for casting metal [2931. In this process. 



known as shell investment casting, a wax origi- 
nal or a cluster of originals is dipped in a slurry 
of colloidal silica and refractory powder. Excess 
slurry is drained from the wax parts and a dry re- 
fractory sand is applied to the wet surface. The 
coaling is then allowed to dry. These coating 
steps are repeated until a ceramic shell of suffi- 
cient thickness, usually about 5-10 mm, is built 
up around the wax. 

ITie wax is then melted out, and the ceramic 
shell fired to increase its strength and to remove 
the last traces of wax. Molten metal is poured 
into the hollow left by the wax. When the metal 
has cooled, the shell is broken away and the 
metal, now an exact replica of the original wax 
shape, is recovered. 

This process is widely used to produce jet 
engine components as well as a large number of 
other metal parts. The tolerances of the finished 
casting can be held very close to the final require- 
ments, thus minimizing the need for additional 
finishing operations. 

Refraclory libers can be bonded with col- 
loidal silica to give insulators that have excel- 
lent high-temperature resistance. The process is 
similar to papermaking in that the libers are sus- 
pended in water and the mixture passed through 
a screen which retains the fibers and allows the 
water to pass through and be recycled. The thick- 
ness of the fiber mat can vary from 0,1-10 cm 
depending on the insulating properties required. 
The screen is often contoured to give a shaped 
insulator. Usually, vacuum is used to assist the 
flow of water through the screen. 

Colloidal silica is used two ways in this pro- 
cess. It is often used in small quantities together 
with starch in the original fiber suspension to 
help flocculate the fibers and the starch for better 
drainage and retention on the screen. The starch 
acts as the binder in the unfired or green stale. 
Additional colloidal silica is often added to the 
final shape to stiffen and strengthen it and pro- 
vide additional strength when the part is healed 
and the starch is burned out. 

More recently, colloidal silica has been ap- 
plied to the papermaking process itself. By 
adding small amounts of high surface area col- 
loidal silica and a high molecular mass starch \o 
the paper pulp, drainage rates and fiber and filler 
retention are improved. This allows for higher 
filler loadings, use of" more recycled pulp, and in 
some cases, higher production rates 1294 - 298]. 
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Small amounls ol" colloidal silica increase ihe 
cocrficienl of friclion of surfaces. One of the 
carlicsl uses oi' colloidal silica was lo dimin- 
ish the slipperincss of floor waxes while not 
affecting their gloss [299, 3001. Il is widely 
used to improve the IVictional character of pa- 
per and boxboard, which facilitates handling and 
reduces breakage resulting from falling boxes 
[3011. 

Carpets and other surfaces coated with col- 
loidal silica resist soiling because the colloidal 
silica occupies the sites which would most likely 
retain visible soil. 

The strength and adhesion of latex-based ad- 
hesives and paints can be enhanced by the addi- 
tion of colloidal silica, 

Silicon wafers cut from silicon single crys- 
tals must be polished to an almost atomically 
smooth surface before being used as substrates 
for electronic chips [302, 303). Colloidal silica is 
the main component of the final polishing com- 
pounds for these materials. I'hcy act both as a 
fine, uniform abrasive and as a scavenger for re- 
action products of polishing additives that chem- 
ically attack the silicon. 

Colloidal silicas have been used lo bond and 
improve the attrition resistance oi" catalyst pow- 
ders used in streams of reacting gas or liquid. 
The silica provides sufficient strength and hard- 
ness to prevent the catalyst pellets from being 
broken down and swept away by the stream. 
Acrylonitrile is made from propylene and am- 
monia by such a fluidi/ed bed reaction |304, 
305]. Ammonia-stabilized colloidal silicas are 
generally used in these applications because of 
the poisoning effect of sodium. 

Photographic films and papers often incorpo- 
rate colloidal silicas as grain growth regulators 
or dye receptors. 

Beverages, such as wine, beer, or fruit juices 
can be clarified using colloidal silica as an aid to 
the flocculation of the proteins which cause the 
materials to be ha/y. 



4.8. Storage, Handling, and 
Transportation 

Colloidal silicas generally undergo irreversible 
precipitation of the silica if frozen. Therefore, 
they are generally stored in heated buildings, if 
outdoor bulk storage is required, tanks should be 



healed and insulated in climates where freezing 
might occur. Healed trucks are typically used in 
cold climates for shipping colloidal silicas. 

Colloidal silica is sometimes freeze- 
stabilized by addition of organic substances such 
as glycols. The amount added is insuf'ficient to 
prevent freezing, but does prevent irreversible 
precipitation. 

Storage in plastic, fiberglass-reinforced plas- 
tic, stainless steel or lined steel tanks is usually 
recommended. 

Typically, the main hazard associated with 
colloidal silicas is their alkalinity. However, 
since the pH ol' most commercially available 
materials is < 10.5 they may irritate the skin or 
eyes, but do not cause irreversible burns, In ap- 
plications where arespirable mist can be formed, 
operators should be protected by engineering de- 
sign or suitable respirators. Since colloidal silica 
is amorphous, ii is less toxic than crystalline sil- 
ica. 



4.9. Economic Aspects 

Mait)r manufacturers of colloidal silica and their 
trade names are as follows: 



Biiycr 
Du Pom 
Hka Nobel 
Uispano Owimit'a 
Monsantu 
Nako Chemical 
Nippon Shokubai 
Nissan 



Hiiykisol ((jcriTKiiiv ) 

Ludox (United Stales) 
Bind/il. Nyucol (Sweden) 

Hi.spaeil (Spain) 

Syion (United Kinjidom) 

NalcoH^ (United States) 

Seahusiur (Japan) 

Snowtex (Japan) 



Estimates of the colloidal silica market dis- 
cussed in this section are based on [238, 239). 

The U.vS. market for colloidal silica is the 
largest in the world. The total market for North 
America is estimated al > 14 (K)0 t (l()()7r sil- 
ica basis) and valued at $ 5()x 10^^ [236|. These 
figures include ca. 1500 I consumed in Canada. 
Kline estimates that ihe total West European 
market for colloidal silica was 5500 t 
silica basis) in 1992, valued at over € I5x 10*' 
|239|. In Japan colloidal silica production in 
1 988 was estimated at 45(K) t ( 1 00 7( silica basis ) 
and was expected to grow significantly 1238]. 

The total annual capacity for the manufacture 
of colloidal silica in North America is estimated 
at 16 000-21 000 I { 100% silica basis). The to- 
tal capacity in Europe is estimated at 6000 t. 
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Nalco is the largest producer for the North 
American market followed by Du Pont and PQ 
Corporation, Eka Nobel of Sweden has a rel- 
atively small plant in the United Stales (Pro- 
Comp Inc.). Alchem, a joint venture of C-I-L 
Inc. and Nalco in Ontario, is the sole Canadian 
producer. 

In the United States, Monsanto imports col- 
loidal silica from its plant in Wales and small 
amounts are also imported from Japan. Exports 
from the United States are believed to be rel- 
atively small at about 18()()t/a. Nalco and Du 
Pont are the main exporters, and Japan, Taiwan, 
and Canada are ihe principal destinations. Some 
colloidal silica is also exported to Europe. 

The largest producers of colloidal silica in 
Western Europe are Bayer in Germany, Eka No- 
bel in Sweden, and Monsanto in the United 
Kingdom, followed by Ak/o in the Netherlands 
and Hispano Quimica in Spain. There are a few 
smaller producers in Italy and France. 

Western Europe imports some colloidal sil- 
ica from the United Slates and exports relatively 
small amounts to the United Slales, Eastern Eu- 
rope, the Far East, and the CIS. 



In 1987-1988 the North American market for 
colloidal silica was expected to grow at an av- 
erage rate of 5 '7r/a, and the Western Fiuropean 
market at %/a in volume. The author esti- 
mates that the actual growth for both markets 
has been lower due to the world economic situ- 
ation. 

Colloidal silica prices vary with grade, silica 
concentration, volume purchased, and country 
in which it is sold. In the United States the price 
is about $ 1.80-1.95 per pound for electronic- 
grade material, and $ 1.15-1. 40 per pound for 
other grades ( 100 % silica basis). In Western Eu- 
rope the prices vary in the range 5.5-8.3 DM/kg 
(100% silica basis). 



5. Silica Gel 
5.1. Introduction 

Silica gel [6323 J -67-4] (revised 1990 SiO.: 
[11 2926-00-8]) has the nominal chemical for- 
mula Si()2 ' x HoO and is a solid, synthetic 
amorphous form of hydrous silicon dioxide dis- 
tinguished by its microporosity and hydroxyl- 
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Reactions of 3 glycidoxypropyltrimethoxysilane (GPS) in a wa- 
ter rich environment with silica colloids were studied. ''Si NMR 
spectroscopy was used to monitor quantitatively the variation in 
GPS hydrolysis, condensation, and adsorption with pH and water 
concentration. The results show the competition between adsorp- 
tion on the silica surface and condensation polymerization of GPS 
in the bulk liquid and are used to identify conditions favorable to 
surface modification. The presence of colloidal silica was shown to 
increase the apparent GPS dimerization rate, suggesting either 
surface catalysis or an increased local reactant concentration in 
the electrical double layer around the silica colloids, o 1999 Aratipmic 

Press 

Key Words: glycidoxypropyltrimethoxysilane; silica colloids; si- 
lane coupling agents; adsorption. 



INTRODUCTION 

Silane coupling agents ofthe form Si(OR), ,R\, are widely 
used lor surface modification of inorganic colloids, powders, 
fillers, and fibers. Modificalion ol' silica colloids by chemisorp- 
lion ol' these molecules profoundly influences chemical and 
physical characteristics of their surfaces. This tailoring of 
surface chemistry is important for several applications. For 
chromatography supports, custom modification of adsorption 
and solvation properties of silica powders is needed. Silica 
particles and glass fibers modified with coupling agents are 
important as fillers and reinforcing agents. Silane molecules 
are good agents for silica surface modification, because they 
can bind strongly to a silica surface through siloxane bonds and 
provide desired surface properties or reactive groups through 
the choice of an organic functionality. There are numerous 
recipes for surface modification of silica powders by treatment 
with silane vapors, dry blending, or by adsorption of silanes 
from water-free organic solvents (13). The best-controlled 
processes are performed in an anhydrous environment. Even 
so, these procedures are generally very sensitive to the degree 
of silica surface hydration (4, 5). 

Unfortunately, it is often ditTicult or impractical to effec- 
tively disperse silica colloids m a nonaqueous media without 

To whom c()rrespt>iidcncc should be addres.sed. 



the use of a stabilizing agent (which might affect the colloid 
surface propeilies), and so aqueous solvents are sometimes 
required. A better understanding is needed of how best to do 
surface modification in an aqueous environment. In this paper 
we focus on the competing polymerization and adsorption of 
3-glycidoxypropyltrimethoxysilane (GPS) in the presence of 
colloidal silica sols in mixed aqueous-alcoholic solvents.' GPS 
is used as an adhesion promoter (1,7, 8), to control chromato- 
graphic properties (9-13), and to crosslink colloidal silica 
coatings (14, 15). 

Mechanism of GPS llydrolytic Polycondensafion in Solution 

The methoxy groups of GPS hydrolyze readily in aqueous 
solvents to form silanol groups (8, 16, 17): 

^SiOMe - M.O ^ =SiOM ^ MeOH. [ 1 ] 

These reactions arc catalyzed by bt)lh acids and bases, with a 
minimum rate at pi I 7 in buffered aqueous solutions (16), and 
they are generally reversible (18). When a limited amount of 
water is supplied, a hydrolysis pseudoequilibrium is typically 
established (e.g., Nass et ai (19), where H.O/GPS - 3). With 
a large excess of water (e.g., H>0/GPS > 30), hydrolysis of 
GPS appears essentially iireversible. Hydrolysis accelerates for 
subsequent methoxides of a given monomer, in agreement with 
observations for other alkoxysilanes (20). The silicon sites in 
panially hydro lyzed monomers are conveniently observed by 
"''Si NMR. Silicon sites are denoted T\ (where T indicates a 
trifunctional silicon site, / is the number of siloxane bridges 
attached to a silicon site, and / is the degree of hydrolysis ofthe 
site, i.e., the number of silanol groups on the site). For exam- 
ple, unreacted monomer sites are denoted Tl,'. 

Silanols condense with each other and with methoxy groups, 

^SiOH ^SiOH ^ ^SiOSi^ + H,0 [2] 
=^SiOH + ^SiOMe ^ ^SiOSi=^ + MeOH, [3J 

■ (^lUold siahilily in alcohol/ waler mixtures may be even more subtle than 
in aqueous media (e.g.. (6)). 
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to produce dimcrs and larger oligomers (7, 12, 14, 16, 19, 21). 
In homogeneous solutions, the dimcrization of GPS is both 
acid and base catalyzed, with a minimum rate at pD 4.5 in 
buffered D.O solutions in the absence of colloids (16). The 
dimcrization of GPS can be monitored by "''Si NMR through 
evolution of end sites (T,), which con*espond exclusively to 
silicon sites in a dimer as long as chain-sites (Tt) are absent. A 
detailed methodology for kinetic modeling of alkoxysilanc 
condensation polymerization has been developed by several 
groups (22). For example, the dimcrization rate constant is 
identified by fitting the observed dimer (T, silicon site) con- 
centration time dependence al early times (when T ^ are absent) 
with the second-order rate expression corresponding to the 
water-producing condensation reaction. 

7 - on > n ~ on n ' - o ~ t\, ' + h.o [4] 

where (y,,) is the observed extent of hydrolysis (which 
ranges from 0 to 3) and A',,,, is the dimcrization rate constant. 
The factor of two accounts for the two silicon sites for each 
dimer. Including the rate expression for methanot-producing 
condensation does not significantly improve the fit when water- 
producing condensation dominates, as occurs in cases of nearly 
complete hydrolysis. 

Subsequent condensation reactions are no doubt also 
strongly pH dependent in a fashion analogous to other trialkox- 
ysilancs and tetraalkoxysilanes (20, 23, 24). Fuither conden- 
sation proceeds at a slower pace leading to various oligomers, 
as indicated by the emergence of chain-sites (T.) and branch- 
ing sites (7\). Condensation of trifunctional silanes in acidic 
conditions usually does not lead to gelation (though potentially 
it could) but rather to a host of relatively small oligomers (22, 
23). Chu et al. (15) have ob.served macroscopic behavior 
similar to that of other tri- and tetraalkoxysilanes; acidic con- 
ditions promote homogeneous polymerization of GPS, while 
basic conditions produce precipitates. 

One may note that the epoxy group t)f GPS is not necessarily 
inert in aqueous solutions, it may undergo hydrolysis to form 
a diol. However, epoxy group hydrolysis is much slower than 
either methoxy group hydrolysis or dimcrization of GPS (S). so 
at the time scale of these reactions, it may be ignored. 

EJfec l of the Colloid Surface 

We are not aware of any quantitative examination of silica 
interface effects on GPS (or any other alkoxysilanc) polymer- 
ization either in the solution adjacent to the colloid surface or 
as reversibly adsorbed. However, Nishiyama and co-workers 
(25 -29) have done qualitative studies on polymerization and 
adsoiption on colloidal silica of 3-methacryloxypropyltrime- 

thoxysilane (MPS). MPS was polymerized in ethanol water 

solutions in the absence of added acid or base, and the effect of 



colloidal silica addition on hydrolysis and condensation of 
MPS was qualitatively monitored with '**Si NMR (27). They 
found that the apparent rates of hydrolysis and dimcrization 
increased when silica was added. Since silica addition also 
caused a decrease in the MPS solution pH from 5.6 to 5.2, one 
would expect that the hydrolysis rate (minimum at pH 7) 
should increase. However, the pH shift alone would also cause 
the dimcrization rate (minimum at pH 4.5) to decrease. Thus, 
this finding suggests an cfTecl of the surface on at least the 
condensation rate beyond that expected from a homogeneous 
solution pH shift. Unfortunately, Nishiyama and co-workers 
did not vary pH, nor did they report quantitative data which 
would allow the estimation of rate constants for hydrolysis and 
condensation. Also interesting is the increase in the rate of 
polymerization of si lane physisorbed on a glass surface that 
was observed for vinyltriethoxysilane (30). However, it is not 
clear whether this polymerization also accounted for chemi- 
sorption to surface silanols. 

A number of reports indicate that oligomer size afTecls 
adsorption. When Nishiyama and co-workers (28) examined 
the extent of chcmisorption as compared with physisorption 
during adsorption of MPS from ethanol water solutions, they 
found little adsorption until dimers were formed. CV^nversely. 
adsorption of MPS hydrolysates on mica was suppressed after 
prolonged prehydrolysis, presumably due to condensation pro- 
ceeding to larger oligomers (31). Once a silane monolayer 
formed on mica, further MPS adsorption was not hindered by 
the continuing polymerization (32). Previous work suggests 
that the adsorption of the silane might be reversible for small 
oligomers. Ishida and Koenig demonstrated reversibility of 
silane chcmisorption on glass (33). 

Adsorption of GPS on colloidal silica sols was investigated 
by Francis and co-workers ( 14, 1 5, 34). They found that the pH 
had a profound c fleet. Basic conditions lead to rapid polymer- 
ization of GPS followed by precipitation and gelation interfer- 
ing with adsoiption on the silica surface. Acidic conditions (pH 
4) were conducive to rapid adsorption on Ludox-L.S silica sols, 
where GPS formed a thick multilayer deposit. In another work. 
Grey (12) reported that for CiPS tetramers are preferentially 
adsorbed on silica gel under acidic conditions. Clearly, adsorp- 
tion of silane coupling agents from aqueous solutions is 
strongly influenced by the degree of silane polymerization in 
solution. 

Optimization of surface modification processes in polar me- 
dia would benefit from a quantitative understanding of silane 
polymerization and of the adsorption process. The objective of 
this study is to investigate the effect of silica colloids on the 
hydrolysis and condensation kinetics of GPS in aqueous-alco- 
holic solutions. In addition, we examine the effect of the acid 
(HCl) concentration and water concentration on adsor[:)tion in 
colloidal systems. Furthermore, we study quantitatively how 
these factors influence the adsorption behavior of silane on 
silica. 



RHACTIONS OF SILANH COUPLING ACJHNTS IN SILICA SOLS 
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TABLE 1 
Experimental Compositions 



[CiPS! |H:()j Stlica iiu R (iPS-StO: 

1 xpcruncm iM) iM) ml soln) IH.Oj jCiPSJ (ww) 



Rl 


().4f) 


1.V6 


14.3 


30 


1.0 


R2 


0.23 


6.S 


14.3 


30 


0.5 


R3 W2 


0.14 


4.1 


14.6 


30 


0.3 


Wl 


0,14 


1.36 


14,6 


9.8 


0.3 


W3 


0.14 


IX, 0 


14.5 


130 


0.3 


W4 


0.14 


35.2 


14.6 


260 


0.3 



TABLE 2 

Hydrolysis of GPS Witli Silica and Without 



yv r: r r 



('olloul-rrcc 


0 


5"'.. 


2l"o 


73% 


0 


0 


K3 


4'\. 


5% 


1 5"o 


75"/., 


0 


0 



Soli', riic percentages of various CiPS species preseiU alter 5 iiiin arc shown. 
The colloid- tree solution was nnade by adding water and acid to isopropanol to 
make a solution with composition and pH similar to ihc R3 solution listed in 
Table I. 



MATERIALS AND METHODS 

Colloidal silica sols used in this study wci'c based on sus- 
pensions in isopropanol with 5 wt% water (TX 9476 by Nalco, 
20 nm diameter, 29 wt% SiO:). Sols were diluted to 10 wt% 
silica with water and isopropanol and contained 0.6 wt"o 
chromium acetylacetonate to serve as a relaxation agent for 
"'^Si NMR measurements. The required amounts of acid (0.1 M 
HCl) were added, followed by GPS (Aldrich). The water 
concentration was always (with the exception of composition 
Wl noted below) at least 10 times that required for complete 
hydrolysis of (jPS. The compositions of solutions are listed in 
Table I. Note that the experiment labels (e.g., Rl) will be used 
subsequently. Acidic (iPS solutions without silica colloids 
were also examined. We limited our investigation to the pH 
range 1.75-5, where GPS undergoes homogeneous hydrolytic 
polycondensation without precipitation. The measured pH of 
TX 9476 was 3.6. The pM was adjusted by addition of HCl or 
NH.OH. 

Immediately after adding GPS to a reaction mixture, 1 ml of 

the mixture was injected into an NMR tube. The tube was 
inserted into the spectrometer and spectral acquisition started. 
We used a Varian 500 NMR instrument with a broadband 
probe to acquire ^'^Si NMR spectra fi"om liquid samples at 
25°C. The number of scans was varied between 16 and about 
512 in response to varying reaction rates for different samples. 
Spectra were collected over a time period of 30 min to 24 h for 
various samples. Concentrations of silicon sites were deter- 
mined by integrating the corresponding peaks in the spectra. 
The chemical shifts of the peaks were assigned in agreement 
with literature values (19, 34). The delay between transients 
(5-10 s) was long enough to provide quantitative results. 

RESULTS AND DISCUSSION 

Hydrolysis and condensation were observed to exhibit be- 
havior rcsembhng that foimd in similar systems (25. 26), with 
inonomer being progressively hydrolyzed followed by conden- 
sation lo form r, and 7.. species. Qt^iintatively, the hydrolysis 
of GPS m acidic TX 9476 suspensions proceeded at a similar 
pace as in colloid-free systems of similar composition and pH 
(Table 2). (This is contrary to the result of Nishiyama et at. 



(27) and may be attributed to their using pH 5.2.) 

A condensation equilibria is suggested by these results. 
Inspection of site distribution in high water sols (not shown) 
revealed monomer (T^) sites present even after 24 h (unlike in 
lower water solutions) and tewer 7': sites than in the lower 
water solutions. We suggest that in these cases the species 
distribution is partially affected by condensation equilibria, 
where the excess water drives the reverse condensation (depo- 
lymeri/ation), reducing the si/e of the molecules. 

EnhcuK ctl GPS Dimcrization 

The ditTierization rate constants calculated by F:q. 15| are 
shown in Fig. 1. Adsorption and the corresponding loss of 
NMR signal precludes us from precisely determining conden- 
sation rate constants. For instance, one may underestimate the 
actual rate of dimer formation because the extent of dimer 
adsorption is unknown. Nevertheless, we can make a lower 
estimate for the apparent dimcrization rate constant. 

The actual rate constants calculated from results in homo- 
geneous water solutions without silica colloids (16, 35) show a 
minimum near pH 4.5. A similar trend occurs with homoge- 
neous isopropanol solutions. However, the presence of silica 




FIG. 1. GPS water producing dimcri/alion rate constants vs solution pH. 
Comparison of data from buffered D.O solutions (16) and isopropanol/watcr 
solulions in the presence of Nalco TX-9476 colloids. Units of the dimcri/ation 
rate constant ^„., arc |l mol ' hr '| (O, D-,0 solutions; •, isopropanol water 
solutions; Nalco TX-9476). 
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colloids alters ihc apparent behavior. At lower pH the apparent 
dimerizaiion rate has the same slope and rate constants as 
colloid-free solutions, but above pfl 2 the apparent dimeriza- 
tion rate is much faster with colloids. The importance of the 
silica colloids in increasing the apparent dimerization rate was 
confimied by the observation of solutions with twice the silica 
content. In such solutions, the condensation rate roughly dou- 
bled. 

One possible explanation lor the increased apparent dimer- 
ization rate is that the silica surface acts as a heterogeneous 
catalyst. Ilydrolyzed (iPS molecules may weakly adsorb onto 
the silica surface \ ia hydrogen bonding, react with other ad- 
sorbed molecules, and then desorb back into solution where 
their signals arc again detectable by NMR. 

Another possible explanation for the increased apparent 
dimerization rate is that the silica surface and the adsorbing 
silanc have opposite charges. The isoelectric point of silica (2) 
is near pU 2, while the isoelectric point of the hydrolyzed GPS 
monomer (16) is near pFI 4.5. The silica surtace and silanetriol 
are then expected to carry opposite charges in the pH range 
between the two isoelectric points (from pH 2 to 4.5). The GPS 
molecules would act as count crions in the electrical double 
layer sunounding the colloids and be concentrated near the 
silica surface. This increased local concentration ol' GPS 
monomer would increase its condensation rate compared to 
that in the bulk solution, in addition, there is a variation in ion 
density in the region of the electrical double layer. Certain ions, 
especially hydronium and hydroxy 1 ions, influence GPS con- 
densation, and the local ion concentration in the electrical 
double layer could cause a higher rate of GPS condensation. 

To test this latter hypothesis, we prepared identical isopro- 
panolic silica sols as before, except now with a salt, NH^Br. 
With increasing salt content, the electrical double layer extent 
(Debye length) should be reduced. The salt reduces the volume 
associated with the double layer thickness, so there is less 
reaction space with a higher local concentration of GPS, and 
should result in a lower dimerization rate. An unintended result 




Time (min) 



FIG. 2. hitTcct of NH4Br salt on GPS hydrolysis, average degree of 
monomer hydrolysis vs time. Data from Rl .sols with added NHjBr. Solution 
ionic strength due to NH^Br varies / - 0; / - 0.01; / --- 0.1). 
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FIG. 3. liffcct ol NHaBr salt on GPS dimerization, fractional conversion 
to dimcr vs time. Data trom Rl sols with added NHjBr. Solution ionic strength 
due to NH4Br varies (•, / = 0; / = 0.01 ; A, / = 0. 1 ). 

of increasing the salt content was to slow down GPS hydroly- 
sis, which seemed to reach some pseudoequilibrium state when 
GPS was only partially hydrolyzed (Fig. 2). The limited extent 
of hydrolysis might be due to strong hydration of salt ions in an 
isopropanol matrix, reducing the water activity. 

Increasing the salt concentration reduced the amount of 
dimerization conversion (Fig. 3). However, one must account 
for the reduced hydrolysis rate, which results in fewer reactant 
species available for condensation. Taking this into account 
and calculating the dirnerization rate constant yielded the val- 
ues shown in Table 3. Sols with a low ionic strength, / ^ 0 and 
/ = 0.01, have similar dimerization rate constants, but the 
dirnerization rate at / — 0. 1 was about two times lower. This 
supports the hypothesis that the electrical double layer in- 
creases the dimerization rate by increasing the local GPS 
concentration. 

Adsorption of GPS in an Acidic Silica Suspension 

in Isopropanol 

The adsorption of GPS is influenced by the hydrolysis and 
condensation reactions previously described. For example, hy- 
drolyzed GPS is more likely to bond with the silica surface, 
and more condensed molecules (i.e., larger) will have different 
adsorption kinetics than smaller molecules (12). Adsorption 



TABLE 3 

Dimerization Rate Constants of Salt Solutions 



/ 




0.00 


0.«(.10.2) 


0.01 


1.1 (tO.l) 


O.IO 


0.6(^0.3) 



Note. Rl sols with added NH^Br, where / is the ionic strength of the added 
salt and A,,,, is the dimcri/ation rale constant in units of l/(M h). 
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FIG. 4. Loss of GPS NMR signal in the presence of TX 9476. Data arc 
from solutions with the GPS-to-silica ratio (w/w) H =■■ 0,3; watcr-to-GPS 
molar ratio varied (#, Wl; W2; W3: W4). NMR signal is reported 
relative to the value at time / - 0. 



may also he inllucnccd by st)nic of ihc same laelors which 
atTecled condensation, such as the double layer near the colloid 
surface. Our improved understandmg ol'GPS reactions in the 
presence of silica can help us explain adsorption behavior. 

Adsorption of GPS on TX 9476 silica colloids was quanti- 
fied by measuring the overall NMR signal loss over time in a 
procedure described previously (34). A decrease in the sum of 
NMR peak areas indicated immobilization of molecular spe- 
cies, an indication of adsorption on the silica surface. Another 
source of NMR signal loss is GPS precipitation, which occurs 
at a high pH. We maintained a low pH to prevent precipitation. 
The rate ot" adsorption was slow enough to monitor with NMR 
and was in qualitative agreement with previous FTIR observa- 
tions of surface silanol loss in the same system (15). 

The total NMR signal loss is shown in Fig. 4 for solutions 
with different water-to-GPS molar ratios (W1-W4). As re- 
ported previously (34), the NMR signal loss over 24 h from 
adsoiption on colloids in TX 9476 was 37% for solutions with 
the GPS-to-silica ratio (w/w ) R ^ 0.3, 24% for solutions with 
R = 0.5. and 12% for solutions with /? ~ 1 . These values all 
conespond to 2.0 2.3 Si nin' of the silica surface. (Molecules 
may contain more than one Si site. For example, this value may 
be achieved by a tctramer adsorbed on a given 2 nm" area.) 
This behavior indicates an apparent ''saturation" concentration, 
which does not change with the concentration ol" GPS in 
solution. This value of 2 (iPS/nnr' of the silica surface is 
similar to thai found in studies using melhacryloxypropyltri- 
methoxysilane (26) and aminopropyllriethoxysilane (36). 

This "saturation'' value mtist be dealt with cautiously, as 
with any polymer adsorption scenario, particularly when there 
is polydispersity, reversibility, and further polymerization. Ad- 
sorption over periods of longer than 24 h was not studied in 
depth, but evidence showed that adsorption continued to in- 
crease over time, although at a much slower pace. An R - 0.5 
solution showed an additional 4% decrease in NMR signal 
between 24 h and 3.5 days, going from 2.0 GPS/nm* to a total 



of 2.3 GPS/nnr adsorbed. One possible explanation for con- 
tinued adsorption is that shorter molecules on the surface were 
displaced by larger molecules in solution, resulting in a net 
decrease in the amount of GPS in solution. Adsorption dis- 
placement of shorter molecules is known to occur in other 
colloidal systems with polymers that adsorb, showing a pref- 
erence for longer molecules adsorbing over short molecules, 
though short molecules initially adsorb first due to faster dif- 
fusion kinetics. While still in solution, GPS is likely only 
weakly attached by hydrogen bonding, and so could conceiv- 
ably desorb in favor of adsorption of a larger molecule. Gon- 
tinued growth in molecular size is evidenced by an increase in 
the amount of T: sites and a decrease in the amoimt of 7\ sites 
during this time. Another explanation is that molecules in 
solution could be bonding to previotisly adsorbed GPS mole- 
cules, or molecules already on the surface could be rearranging 
to pack more CjPS molecules in more tightly. This process 
would be slower than the initial adsorption and may alst) 
explain the slow increase after 24 h. 

Of course, adst)rption behavior is affected by the water 
concentration. For lower water concentrations (Wl and W2), 
the sum of the peak areas indicated that approximately 35% of 
the initial aniount of (iPS molecules was adsorbed within 24 h, 
with the majority of adsorption occurring in the first 2.5 h. 
Adsorption was much more limited for solutions with higher 
water concentrations (W3 and W4) and was less than 10% ol' 
the initial amount of GPS adsorbed in 24 h. The difference 
between adsorption in high and low water concentrations may 
be due to the dielectric constant, which may affect the ability 
of the molecules to adsorb, as would occur in the case ol^ the 
opposite charges hypothesis mentioned above. Also, a higher 
water concentration may preclude optimum hydrolysis states 
for adsorption (if there are any) of small molecules. At higher 
water concentrations hydrolysis is complete within a tew min- 
utes, while in Wl .sols the hydrolysis proceeds about a tenth as 
fast (coiTCsponding to the second-order kinetics for hydroly- 
sis). If optimum adsorption occurs when the molecule is par- 
tially hydroly/ed. solutions with high water concentrations 
would have less adsorption because in them CiPS quickly 
hydrolyzes fully. 

The adsorbed species varied with water content. For Wl 
sols, adsorption occurred with GPS species in solution having 
7'(, and 7', sites and little or no sites present. This restilt 
indicates that monomers and dimers were adsorbing, or that 
some small oligomers (trimers, tetramers) may have adsorbed 
as soon as they were formed, since T: sites do not show up in 
the solution NMR until almost all adsorption is over. In con- 
trast, adsorption in higher water concentrations was clearly 
slower, and adsorption occurred later, after a substantial 
amount of 7. sites had already formed. 

Since other factors influence adsorption, these results cannot 
be used to determine whether certain-sized molecules adsorbed 
more quickly than others, although we expect a size depen- 
dence based on previous indications of preferential adsorption 
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of larger species in aqueous conditions (e.g.. tetramer) (12). 
One possibility is that a higher water content may promote 
adsorption of larger species over monomers and dimers for 
miscibiliiy or surface hydraiit)n reasons. Another possibility is 
kinetic, in that larger molecules may have a greater chance of 
coming into contact with a colloid surface. Also, larger mole- 
cules are more likely to remain attached since they may have 
several points of attachment, whereas monomers are more 
easily desorbed, giving the appearance of fewer monomers 
adsorbing than larger molecules. 

SUMMARY 

Interactions between GPS and colloidal silica particles in 
aqueous solutions have been shown to involve compcling 
hydrolysis, condensation polymerization, and adsorption of 
GPS. Solution pM is a critical processing parameter for con- 
trolling the relative rates and extents of the competing pro- 
cesses. The hydrolysis rate t)f GPS was unaffected by the 
presence of silica colloids in isopropanol. but GPS condensa- 
tion at pH > 2 was substantially faster with silica colloids than 
in a colloid-iree solution. We hypothesize that the silica sur- 
face ealaly/es condensation of reversibly adsorbed hydrt)ly/ed 
si lanes, or that the double layer encourages dimerizaiion by 
increasing the local concentration of GPS. GPS adsoqMion in 
isopropant)l-based solutions decreased with increased water 
content. 
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